Abstract-Effects of pedestrian movement on multipleinput-multiple-output orthogonal frequency division multiplexing (MIMO-OFDM) channel capacity have been investigated using experiment and simulation. The experiment was conducted at 5.2 GHz by a MIMO-OFDM packet transmission demonstrator using four transmitters and four receivers built in-house. Geometric optics-based ray-tracing technique was used to simulate the experimental scenarios. Changes in the channel capacity dynamic range have been analyzed for different numbers of pedestrian (0-3) and antennas (2-4). Measurement and simulation results show that the dynamic range increases with the number of pedestrians and the number of antennas on the transmitter and receiver array.
a MIMO-OFDM packet transmission demonstrator with four transmitters and four receivers, denoted 4 4. Geometric optics-based ray-tracing technique [9] was used to simulate the experimental scenarios, including pedestrians.
The remaining of this letter is organized as follows. Section II describes the criteria used to calculate the MIMO-OFDM capacity. Details on the measurements and simulations are given in Section III. Results are given in Section IV, followed by the conclusion in Section V.
II. MIMO-OFDM CHANNEL CAPACITY
The MIMO-OFDM channel capacity without the knowledge of the channel at the transmitter is given by [4] ( 1) where is the normalized capacity in bits/sec/Hz, is the number of OFDM subcarriers, is the number of Tx antennas, is the average signal to noise ratio (SNR) and is the eigenvalue of . is the normalized channel coefficient matrix at subcarrier and denotes Hermitian transpose. The normalization is performed such that [10] (2) where denotes the expected value, denotes the Frobenius norm, and is the number of Rx antennas. Two different criteria are employed to evaluate the MIMO-OFDM channel capacity. The first assumes an interference-limited system where transmitting power can be adjusted without a limit to provide a fixed average SNR at the receivers. The averaging of SNR and normalization of channel coefficient matrix is performed over all MIMO subchannels and over all OFDM subcarriers. This criterion is called fixed SNR capacity. It corresponds to the system where cochannel interference is the limiting factor for the system capacity, and enough Tx power is reserved to cater for every location within the coverage area.
dB is used in the following analysis. The second criterion assumes a power-limited system where the transmitting power is fixed. In this case, the averaging of SNR and normalization of channel coefficient matrix is performed over all MIMO subchannels, OFDM subcarriers, measurement samples, and different number of pedestrian. This is called fixed Tx power capacity. It incorporates the effects of the reduction of power due to body shadowing by the pedestrian. This criterion is more suitable for the analysis of WLAN system where the transmitting power is typically fixed. 
III. DESCRIPTION OF MEASUREMENTS AND SIMULATIONS

A. Measurement Details
Actual MIMO-OFDM channel coefficients were measured by the MIMO-OFDM packet transmission demonstrator developed by CSIRO ICT Centre, Marsfield, Sydney, Australia [11] . The demonstrator operates at a carrier frequency of 5.24 GHz with the bandwidth of 40 MHz. The OFDM subcarrier spacing and operational bandwidth closely follow those of the IEEE 802.11n draft standard [12] . The dynamic range of the demonstrator was better than 40 dB. The demonstrator is shown in Fig. 1 . Further technical specifications for the demonstrator can be found in [11] and [13] .
Identical off-the-shelf omnidirectional loop antennas (SkyCross SMA-5250-UA) are used as both Tx and Rx antenna array elements. The four antenna elements are arranged to form a uniform square array on the horizontal plane. The spacing of the antenna elements is set to three wavelengths at Tx and two wavelengths at Rx. The antenna spacing is considered to be large enough [4] so that the exact value of the antenna spacing does not affect the MIMO-OFDM channel capacity.
Measurements were performed on the furniture-free groundfloor room in the CSIRO ICT Centre, as shown in Fig. 2 . Both Tx and Rx, separated by 10 m, are located inside the same 57 m laboratory. During one measurement scenario, one to three pedestrians walked together along a 6-m trajectory. Complex channel coefficients for each of 16 MIMO subchannels at 114 OFDM subcarriers were collected at 100 time samples while pedestrians were walking. Due to the hardware limitation, the sampling rate of the measurement was limited to approximately two samples/s, and hence, pedestrians moved slower than usual (less than 1 km/h). We note that the capacity dynamic range, as defined in Section IV, does not depend on the speed of the pedestrian or on the sampling rate as long as enough measurement points are collected. The measurements were performed once for each scenario.
B. Simulation Details
The frustum ray-tracing technique [9] was used to simulate the measurement scenarios. This technique has the advantage of accurately modeling radio propagation (specular reflection) in a three-dimensional environment efficiently. For the simulations, walls are modeled as single slabs whose permittivity and permeability are determined from penetration-loss measurement of the actual material [14] . In previous studies using the frustum ray-tracing algorithms [9] , it was found that with a maximum of four reflections, accurate channel prediction was achieved in an indoor line-of-sight (LoS) environment. Hence, we have opted to use up to four consecutive reflections for the simulated scenarios. The algorithms were implemented on MATLAB with double-precision floating-point values. The OFDM parameters used in the simulations are identical as those used for the measurements. The aim of the simulation is to capture the variation trend of the capacity dynamic range, rather than predicting the exact MIMO-OFDM channel at the time of the measurement. A very simple model of the human body was employed (a rectangular block with a dimension of 0.62 m depth, 0.31 m width, and 1.70 m height with the permittivity and conductivity characteristics of a real human body [5] ). Diffraction and scattering were not included in the analysis. One simulation was performed for different receiver antenna array locations defined on a grid within an area of two wavelengths times two wavelengths with 0.1-wavelength resolution resulting in 400 locations in order to observe the variation of the capacity dynamic range as a function of small-scale displacement of the antennas. While small variation in the capacity dynamic range was observed depending on the exact location of the receiver antenna array, the dynamic range results are averaged over 400 receiver antenna array locations to obtain the trend as a function of the number of antennas and of pedestrians.
IV. RESULTS Fig. 3 shows an example temporal variation of the measured fixed SNR 4 4 MIMO-OFDM channel capacity when one pedestrian is crossing. It can be seen that the capacity increased as a person crossed the direct LoS path. In [5] , capacity dynamic range had been defined as the difference between the maximum and the minimum value of the MIMO channel capacity. In this letter, we define 90% capacity dynamic range, which is the difference between the top 95% and the bottom 5% values, in order to remove extreme cases. 90% capacity dynamic range can also be defined from the cumulative distribution function (cdf) of the MIMO-OFDM channel capacity as shown in Fig. 4 , which corresponds to the results presented in MIMO-OFDM channels corresponding to 2 2 and 3 3 are extracted from 4 4 results both for the measurement and simulation using all possible antenna combinations. Note that the results include different antenna spacing by using adjacent or diagonal antenna elements. Since the antenna spacing is large, the exact antenna spacing is considered to have small effects on the results. The dynamic range results for 2 2 and 3 3 are averaged over different combinations to provide representative values. Fig. 5 shows the variation in the capacity dynamic range as a function of the number of pedestrian and antennas for fixed SNR or fixed TX power capacity by measurement and simulation. In general, we observe that the measured and simulated 90% capacity dynamic range is larger for the fixed Tx power criterion than for the fixed SNR. This is because the reduction in channel capacity values due to human-body shadowing effects is much more noticeable than the expected increase in capacity due to the decorrelation of the channel caused by the obstruction of the direct LoS path for the fixed Tx power criteria. From Fig. 5 , we observe that the trend of capacity dynamic range increasing with the number of pedestrians is captured both by the measured and simulated results. With an increased number of pedestrians, a larger reduction of the LoS power is introduced, and hence, a larger dynamic range results for the fixed Tx power capacity. For the fixed SNR capacity, the blocking of the LoS path by a larger number of pedestrian introduces a further decorrelation of the channel, and hence, the fixed SNR capacity dynamic range also increases with the number of pedestrians. This has been confirmed by the measurements and the simulations for zero to three pedestrians.
We also observe that both measurements and simulations show that the capacity dynamic range slightly increases with the number of antenna used. The increase of the dynamic range as a function of the number of antennas is considered to be due to the increase in the MIMO-OFDM capacity with the number of antennas. To verify this point, the normalized dynamic range, which is the ratio of the dynamic range value with respect to the median capacity, is plotted in Fig. 6 . While the trend of increasing dynamic range with the number of pedestrians is held, the relationship between the normalized dynamic range and the number of antennas is reversed. Here we observe that, when the dynamic range is scaled by the median capacity, a larger number of antennas tend to provide a smaller variation in the normalized dynamic range. This is considered to be due to increased path diversity by a larger number of MIMO channels with the larger number of antennas. While it may be desired to obtain more stable (less absolute dynamic range) MIMO-OFDM channel performance with increase in the number of antennas, both measurements and simulations show that the absolute capacity dynamic range slightly increases with the number of antennas used. The system designer needs to consider how one might mitigate the absolute dynamic range to provide stable performance in the presence of moving objects with increasing number of antennas.
We note that a large deviation of the simulation results from the measured results is observed for fixed Tx power criterion. This is considered to be due to the simplicity of the models of moving human bodies and of the environment employed in the simulations.
V. CONCLUSION
We have observed that the MIMO-OFDM channel capacity dynamic range increases with the number of pedestrians (zero to three pedestrians) and with the number of antennas at the transmitter and receiver arrays, from two to four antennas in an indoor environment. Future efforts should be directed to the analysis of different types of environments and pedestrian movements such as meeting rooms and cafeterias, where MIMO-OFDM based wireless communication systems are increasingly being used.
